A rapid and sensitive analytical method using pentafluorothiophenol (PFTP) derivatization was applied to detect diphenylarsinic acid (DPAA) in water. In this study, the optimum derivatization conditions, such as acid concentration, reaction time and reaction temperature, were investigated to develop a suitable procedure for DPAA determination. After extracting the derivatives into benzene, the determination was carried out by gas chromatography/mass spectrometry (GC/MS) with selected ion monitoring (SIM). The detection limit of the method was 9.4 µg/l, and the overall recoveries obtained from real environmental samples were 88.9 -104.7% and coefficient variations were 5.1 -13.9%.
Introduction
During World Wars I and II, chemical-warfare agents were produced in large amounts, which are still detected from water and soil in Europe and China. [1] [2] [3] In particular, phenylarsenic compounds, such as diphenylchloroarsine and diphenylcyanoarsine, known as Clark I and II, are important arsenic agents that pose a toxic risk among humans. 1 The problems involved with the determination of substances classified as potential warfare agents are still present today, and lie in the non-military sphere of interest. In addition, these compounds can significantly contaminate soil and water. 2, 3 These phenylarsenic compounds can be metabolized via hydrolysis and oxidation, which form bis(diphenylarsine)oxide and diphenylarsinic acid (DPAA) in aqueous solution. 1, 2 Since the presence of DPAA may indicate the contamination of the warfare agents of soil and water, the development of a practical analytical method, such as DPAA, is required. Figure 1 shows the reactions of the compounds and their metabolites.
Several analytical procedures have been applied to analyze various chemical-warfare agents. Haas et al. 1 and Schoene et al. 4, 5 investigated the reaction and determination of various phenylarsenic compounds after derivatization with advanced techniques.
Kohler et al. 3 studied biodegradation in contaminated soil with microorganisms, and Pitten et al. 6 investigated the risk assessment of soil and plants. Gas chromatography (GC) and high-performance liquid chromatography (HPLC) were used for the speciation of various warfare agents in matrices, including river water, sediments, air and biological samples. 7 However, these studies have set limits to the comprehensive identification and separation of various arsenic-containing compounds and to the reclamation of these compounds in contaminated matrices.
Therefore, this study aimed to develop a simple and rapid analytical method of DPAA, proposing the optimum conditions of the analysis procedure. In this study, pentafluorothiophenol (PFTP) was used for derivateives of DPAA, resulting in sensitive detection with gas chromatography (GC) coupled with mass spectrometry (MS).
Experimental

Reagents
Diphenylarsinic acid (DPAA), a target compound, was obtained from Tri-Chemical Laboratories Inc. (Yamanashi, Japan), and prepared as 500 µg/ml in acetone. The stock solution was stored in a dark refrigerator for one month. Pentafluorothiophenol (PFTP, 97%), a derivatization reagent, was purchased from Wako Pure Chemicals (Osaka, Japan) and prepared as 2 mg/ml in acetone. An internal standard (IS), 4,4′-dibromobiphenyl, was purchased from Tokyo Kansei (Tokyo, Japan) and prepared as 100 µg/ml in hexane. Solvents such as benzene, acetone and hexane were of pesticide grades, while the other chemicals were of analytical grades.
Water samples
River water and ground water were sampled to estimate a recovery test using real environmental water samples. River water was sampled from four sites in Kumamoto City (Japan), and filtered through a glass fiber filter (GF, Advantec Toyo) before use. Water samples of 1-L were respectively collected in solvent-cleaned glass bottles (Duran ® , Germany). After collection, the samples were carried to the laboratory and kept in the dark at 4˚C until being analyzed. All of the experiments were performed within one week after sampling.
The total organic carbon (TOC) was analyzed with a Shimadzu TOC-5000 following the EPA 9060A method. TOC values of each river water were 1.0, 3.3, 3.6 and 6.0 mg/l, respectively. Ground water supplied from our laboratory was used after stabling for 1-day without filtering.
Preliminary procedures of derivatization
The procedure of DPAA-PFTP derivatization was as follows: a 10 ml aliquot of a sample containing DPAA was mixed with 100 µl of a 2 mg/ml PFTP solution and 300 µl of HCl (1:1). After leaving for 1 h at room temperature, 10 µl of 100 µg/ml IS and 1 ml of benzene were added, mixed well for 1 min with a voltex, and extracted. The organic layer was taken out and dehydrated with Na2SO4, and aliquots (1 µl) of the solvent layer were used for GC/MS analysis. The solution of DPAA-PFTP derivative was stored in a dark refrigerator and was stable for at least 3 weeks.
To optimize the DPAA-PFTP derivative reaction, the effect of different experimental conditions, such the acid concentration, reaction time and reaction temperature, was examined. The experiments were carried out in 3 replicates.
Apparatus
GC/MS comprises a Hewlett-Packard (California, USA) 5890A gas chromatograph and a JEOL (Tokyo, Japan) Automass 20 mass spectrometer. GC/MS was operated under the following condition: injector temperature, 250˚C; oventemperature program, 1 min isothermal at 50˚C, raised at 30˚C/min to 250˚C, and then to 280˚C at a rate of 10˚C/min, held for 1 min; column, 30 m × 0.25 mm i.d., 0.25 µm film thickness, J&W fused silica capillary column DB-5 (5% phenyl and 95% methyl polysiloxane); interface temperature, 280˚C; ionization voltage, 70 eV. The carrier gas was helium and the flow rate was 1.2 ml/min. The mass spectrometer was operated either in a selected ion-monitoring mode (SIM) or in a scanning mode. When working in the SIM mode, the major fragment ion of the derivative and IS was monitored at m/z 229 and 152, respectively. Quantitation of the DPAA-PFTP derivative was carried out by comparing the peak area to the IS area. Also, m/z 428 was monitored as a confirmation of the detection.
Results and Discussion
DPAA-PFTP derivatives
In preliminary experiments it was tried to derivatize DPAA with PFTP according to the above-mentioned procedure, and the derivatives were identified by GC/MS. The derivatization reaction of DPAA and PFTP is shown in Fig. 2 .
After derivatization with PFTP, several organic solvents, such as benzene, hexane and methylene chloride, were tested as extraction solvents. Although the result is not shown in this paper, among the solvents, benzene showed the highest extraction efficiency. Therefore, benzene was used as an extractor solvent of the DPAA-PFTP derivatives. 
Effect of the acid concentration
In general, acidic conditions activate the reaction, and the extraction efficiencies depend on the pH of the water samples. After 10 ml of DPAA solution (5 mg/l) was mixed with 100 µl of PFTP (2 mg/ml), 0 -1000 µl of HCl (1:1) was added to each sample. They were then left for 1 h at room temperature. A 10 µl amount of IS (1 mg/ml) solution was added, and then extracted with 1 ml of benzene for 1 min. The result is shown in Fig. 5 . The results indicate that the sample without added HCl showed a very low yield, which was increased by 300 µl by HCl addition, after which their increasing rate was considerably reduced.
Effect of the reaction time
To optimize PFTP derivatization for DPAA, the yields were examined by changing the reaction times. A 10 ml portion of a DPAA solution (5 mg/l) was mixed with 100 µl of a PFTP solution (2 mg/ml) and 300 µl of HCl addition. The solution then reacted for different times at room temperature, and a 10 µl of IS (1 mg/ml) solution was added and then extracted with benzene for 1 min. The result is shown in Fig. 6 . It could be found that the area value increased along with an increase in the reaction time. However, its plateau value was obtained after 120 min.
Effect of temperature
The effect of different reaction temperatures is shown in Fig.  7 . Derivatization of DPAA-PFTP was carried out for 2 h at 25, 50 and 80˚C, respectively. As shown in Fig. 7 , the maximum value was obtained at room temperature (25˚C).
Quantification of DPAA
A linear relationship between the area ratio of the DPAA concentration to IS was obtained up to 100 µg/l. The standard deviation was 3.0 µg/l and the detection limit was calculated as 9.4 µg/l, which was obtained from the determination of 7 replicate tests (10 µg/l). The value of the coefficient of variation at 10 µg/l was 21.4%.
Application to ground-water and river-water samples
The concentration of DPAA was determined in all real water samples before spiking. Overall recovery tests were carried out by spiking DPAA to real environmental samples. To 10 ml of ground-water and river-water samples, 10 and 100 µg/l of DPAA were spiked, respectively, following the procedures mentioned above. The results are given in Table 1 . The recovery values were obtained from the mean values of 5 replicate tests. The overall recoveries were 88.9 -104.7% and the coefficient variations were 5.1 -13.9%. However, the recovery values of river-water samples A and D upon adding DPAA (100 µg/l), which showed low recovery (< 30%), are not given in Table 1 . In addition, excess PFTP (200 µl) was added to river-water samples A and D. It showed about 30 and 140%, respectively, and it was considered by taking into account the TOC value and the high concentration of DPAA in the river-water samples. The TOC values of the river-water samples were 6.0, 3.6, 1.0 and 3.3 mg/l, respectively. As shown in Table 1 , the recovery was not affected by the TOC value for a low concentration of DPAA (10 µg/l), and showed a good recovery efficiency. For a high concentration of DPAA (100 µg/l), the recovery was affected by the PFTP concentration and the TOC. However, the recovery of river-water A showed the highest TOC value, was still not affected in spite of the excess of PFTP (200 µl). This would be considered to be the result of interferences by some organic materials in the river water samples, would be hindered in the reaction with DPAA and PFTP. Therefore, a sample having a high TOC value (> 4 mg/l) and a high concentration of DPAA in water would be considered as adding an excess derivative reagent.
Conclusions
For the purpose of developing a simple and rapid procedure, this study investigated the effect of several conditions that affect DPAA-PFTP derivatization. The proposed procedure was as follows: a 10 ml aliquot of a sample was mixed with 100 µl of a PFTP solution (2 mg/ml) in acetone and 300 µl HCl (1:1). After 2 h at room temperature, 10 µl of IS (100 mg/l) in hexane and 1-ml of benzene were added and well extracted for 1 min with a voltex. After the organic layers were dehydrated with Na2SO4, aliquots (1 µl) of this solution were used for GC/MS analysis. This method was confirmed to determine DPAA in moderately polluted ground water and river water (TOC value, less than 4 mg/l). Therefore, the procedure proposed in this study could be sufficiently offered to determine DPAA in real environmental water samples. 
